That natural selection shapes organismal phenotypes through inherited changes in DNA is an established cornerstone of biology. And yet we still do not fully understand how natural selection leaves its imprint across the genome. How often do patterns of genetic variability implicate evolutionary constraint alongside repeated bouts of directional selection favouring new beneficial mutations? Studying the interaction of selection with recombination within genomes suggests a programme for answering this question. The linear nature of strands of DNA imposes stronger linkage between physically proximate loci, the genetic consequences of which depend on patterns of recombination along the length of chromosomes. As a result, selection exerts its influence over greater physical distances in regions of chromosomes that experience low rates of recombination [1] [2] [3] . Population genetics theory also indicates that recombination improves the efficacy of natural selection when multiple linked loci simultaneously experience selective pressures 4, 5 , so selective interference between them will be most prevalent in regions with low recombination rates. These powerful ideas have commanded extensive empirical exploration.
That natural selection shapes organismal phenotypes through inherited changes in DNA is an established cornerstone of biology. And yet we still do not fully understand how natural selection leaves its imprint across the genome. How often do patterns of genetic variability implicate evolutionary constraint alongside repeated bouts of directional selection favouring new beneficial mutations? Studying the interaction of selection with recombination within genomes suggests a programme for answering this question. The linear nature of strands of DNA imposes stronger linkage between physically proximate loci, the genetic consequences of which depend on patterns of recombination along the length of chromosomes. As a result, selection exerts its influence over greater physical distances in regions of chromosomes that experience low rates of recombination [1] [2] [3] . Population genetics theory also indicates that recombination improves the efficacy of natural selection when multiple linked loci simultaneously experience selective pressures 4, 5 , so selective interference between them will be most prevalent in regions with low recombination rates. These powerful ideas have commanded extensive empirical exploration.
In 1992, Begun and Aquadro 6 revolutionized population genetics by demonstrating a strong positive correlation between nucleotide diversity and local rates of crossing-over in Drosophila melanogaster (see also REFS 7, 8) (FIG. 1) . This discovery was interpreted as evidence that recurring, strong positive selection dramatically shapes genomic diversity. In the two decades since, similar patterns have been reported in a diverse range of species 9 (TABLE 1) and for diverse marker types 10 , raising the possibility of a common mechanism. But competing explanations for this intriguing pattern, such as the effects of selection removing linked deleterious variants and mutagenesis by recombination, have received empirical and theoretical support
. Moreover, some species reveal no such effects in their genomes, and changing notions about how adaptation typically proceeds at the molecular level raise questions about the ubiquity of the classic adaptive explanation for heterogeneity across the genome in patterns of genetic variation. Recent advances in genome-scale data collection and sophisticated analytical approaches fuel this debate and motivate a review of the evidence. It is important to understand why genomes differ in how selection and linkage shape the evolution of their genomes. The answer will help to reveal how phenotypic adaptation translates into genomic change and may help to explain why species are more similar in overall levels of diversity than would be expected from neutral predictions 3, 11 . In this Review, we outline theoretical predictions about the relationship between genetic diversity and recombination rate. We then synthesize evidence across a range of organisms, focusing especially on recent
Selective interference
When recombination fails to break down linkage disequilibrium between alleles at selected loci, the ability of selection to act on these alleles tends to be reduced. population genomic studies, to examine the factors that can contribute to differences among species in the evidence for selection at linked sites. The disparities among species suggest that explicit comparative analysis of the magnitude and sign of selection at linked sites provides a promising avenue for unifying our understanding of how selection and linkage interact to shape genome evolution.
Selection at linked sites: a conceptual overview When a new beneficial mutation arises in a population, it can rapidly rise in frequency to become fixed so that, having 'swept through' the population, all individuals will henceforth carry the advantageous allele (FIG. 2) . Such a 'hard' selective sweep (FIG. 2Aa) will also cause fixation of alleles that happen to be linked to the beneficial mutation, even if they have no fitness effects; this process is known as genetic hitch-hiking 3, 12 . This gives the classic signature of a hard selective sweep: a reduction in diversity in the vicinity of the selected locus. Following such a sweep, because the few polymorphisms present will typically be rare new mutations on the recently fixed genetic background, the signature presents as an excess of low-frequency variants or, equivalently, as a negative skew in the site frequency spectrum relative to the distribution expected under neutrality 13 . Importantly, the prevalence of hitch-hiking alleles will be greater when linkage is stronger (that is, lower recombination rates). Many studies have examined such effects for chromosomes that are devoid of recombination (for example, W chromosomes in birds, and Y and 'dot' chromosomes in Drosophila spp.
14 ), but here we primarily focus on those portions of genomes that vary in recombination rate along their length. Should this process of hitchhiking be repeated again and again, then it is expected that neutral genetic variation will be systematically depleted in genomic regions with little recombination 1, 15 , exactly the pattern of selection at linked sites observed by Begun and Aquadro 6 . This reduction in genetic diversity is often described as a genomically localized reduction in effective population size (N e ), but we will generally avoid this inexact analogy because it does not fully capture the effects of linked selection [16] [17] [18] [19] . An alternative selective mechanism that eliminates genetic variation in low-recombination regions is negative selection against recurrent deleterious mutations; this is known as background selection 20,21 (FIG. 2Ad) . Under background selection, neutral alleles that are linked to detrimental alleles are driven to extinction, and more drastic effects occur when recombination rates are low 2 . Empirically, this process is supported in various organisms 21 (TABLE 1) . A virtue of the background selection explanation is that we know that most new mutations that affect fitness will exert detrimental effects, so negative selection against them is a perpetual force 22 . The inevitability and prevalence of deleterious mutations, and the effects on linked loci when they are removed by selection, argue that a background selection process should form a part of the null evolutionary model for the genome when testing for any additional effects owing to recurrent selective sweeps 23, 24 .
Additional predictions for linked selection Recurrent bouts of positive directional selection alter other population genetic properties in addition to the overall amount of linked neutral polymorphism
. Because the effects of linked selection will be more pronounced in genomic regions in which recombination is less frequent, it follows that measures of the skew in the site frequency spectrum, such as Tajima's D values 13 , will positively correlate with the rate of recombination Given the hypothetical recombination rate profile across the chromosome (top panel) and random variation in mutation rate, which is reflected in divergence at unconstrained sites (blue points, middle panel), measures of neutral polymorphism at unconstrained sites are predicted by recurrent genetic hitch-hiking and background selection to be lower in chromosomal regions with lower average recombination rates (red points, middle panel). Recurrent positive or negative selection would yield a positive association between polymorphism and recombination rate (bottom panel). These hypothetical data were generated assuming background selection, but recurrent hard sweeps would yield a qualitatively similar pattern. cM, centimorgans; Mb, megabases. 
Selection at linked sites
The interaction between natural selection and genetic linkage that can yield deviations from the levels of polymorphism, allele frequencies and linkage disequilibria expected from neutral evolution alone.
Selective sweep
The increase in frequency of a beneficial allele (and closely linked chromosomal segments by genetic hitch-hiking) to fixation that is caused by positive selection.
Genetic hitch-hiking
The process by which a neutral, or in some cases deleterious, mutations may change in population frequency owing to linkage with a selected mutation.
Site frequency spectrum
The distribution of allele frequencies in a population; it is visualized as the histogram of counts of the number of alleles that have a given population frequency.
Effective population size
(N e ). Formulated by Wright in 1931 , N e reflects the size of an idealized population that would experience drift in the same way as the actual (census) population. N e can be lower than census population size owing to various factors, including variance in reproductive success, a history of population bottlenecks and inbreeding.
Background selection
The elimination of neutral polymorphisms as a result of their linkage to deleterious mutations that are subject to purifying selection.
Neutral polymorphism
Alternative allelic variants with no selective difference between them, the dynamics of which are mainly controlled by genetic drift and migration. They can, however, be influenced by selection on nearby (linked) loci.
generate such correlations under some realistic circumstances, such as when population sizes are small to moderate and selection strength is intermediate 20, 23, 27, 28 . Presuming that changes to protein sequences often provide the driving basis for recurrent positive selection, we should expect that genes that rapidly diverge at replacement sites (also known as nonsynonymous sites; high d N ) will exhibit depressed polymorphism at linked neutral sites (for example, low polymorphism at synonymous sites (π S )) 26, 29, 30 . Although this prediction is unique to the influence of positive selection, whether it is likely to be observed in practice is sensitive to the joint effects of positive and negative selection 23 . Because genes represent high-density targets for fitness-affecting mutations, genomic regions that are crowded with coding sequences should generally exhibit stronger diversity-reducing effects of both positive and negative selection 31 . Thus, recurrent selection at linked sites should create a negative correlation between gene density and neutral polymorphism, after controlling for the effect of recombination rate. By the same token, lower levels of polymorphism and longer blocks of linkage disequilibrium ought to surround substitutions at selected sites (for example, replacement sites) but not substitutions at unconstrained sites (for example, synonymous sites) [32] [33] [34] [35] . The rate at which polymorphism returns to normal with distance from such selected sites provides a means of quantifying the strength of selection as well as its prevalence 34, 35 . However, when gene density and recombination rates covary, as is known for several species 36 , these signatures of linked selection could become obscured.
In addition to the effects of selected sites on polymorphisms in linked loci that are selectively neutral, recombination alters the efficacy of selection at a given site that is linked to another target of selection 37 . This selective interference (known as 'Hill-Robertson interference') 4 should manifest in genomes in well-defined ways. First, recurrent positive selection favouring changes to amino acid sequences in coding genes will be facilitated when the selected targets are only loosely linked to other targets of selection. This could generate a positive correlation between rates of replacement site divergence (d N ) and the local rate of recombination in the genome, if linkage limits evolutionary responses to selection 38 . Similarly, the fraction of replacement site substitutions between species that were driven by positive selection (α) should be higher in genomic regions with more abundant recombination, as reported for D. melanogaster 39, 40 . Estimates of α can derive from application of the McDonald-Kreitman test, which contrasts fixed differences and polymorphisms for neutral and selection candidate site classes 41, 42 . In Drosophila spp. and several other organisms, α is estimated to be ~50% or even higher 26, 42, 43 , although factors such as linkage to slightly deleterious mutations and weak selection on synonymous sites could inflate such estimates 44 , and the relative rate of positively selected substitutions (ω a ) is a more directly relevant quantity 45 . It is also worth putting this seemingly high rate of selective divergence in the context of the perpetual elimination of deleterious mutations: in comparisons involving Drosophila spp., typically <5% of replacement sites in genes have diverged, and >95% of replacement sites are conserved 42, 46 .
The inconsistent evidence among species Drosophila research has spearheaded much of empirical population genetics, and this has also been true for studying the influence of linked selection on genomes 6, 26, 47 . There is compelling evidence that recurrent positive selection has shaped genomic patterns of molecular evolution in multiple species of Drosophila, which is consistent with an important influence of recurrent genetic hitch-hiking 26, 48, 49 . It nevertheless remains unclear how positive and negative selection each contribute in relative terms to genomic heterogeneity in patterns of polymorphism in Drosophila spp., suggesting that sophisticated modelling incorporating both positive and negative selection can have a role in further elucidating the processes of linked selection in this important system 23 . For example, it is primarily those genes in high-recombination regions that yield a signature of positive selection, as from McDonald-Kreitman tests, suggesting that hard Box 1 | Recombination-associated mutation and genomic heterogeneity in polymorphism Selection is not the only possible cause of a positive association between levels of genetic diversity and rates of recombination across the genome 101 . The mutation rate might vary across the genome in a manner that yields more genetic variation in genomic regions with higher rates of recombination; after all, greater mutational input causes higher equilibrium levels of neutral diversity 128 . This selectively neutral effect could be coincidental or causal, as some experiments with mitotically dividing yeast suggested that the molecular process of recombination could induce mutations 129, 130 . If present, it ought to manifest as elevated divergence between species at unconstrained sites in genomic regions that are subject to high recombination rates, as the rate of substitution is equal to the rate of mutation at equilibrium under selective neutrality 131 . This purely neutral, mutational explanation suffers its own complication, however, in that unaccounted ancestral polymorphism could produce a spurious signal of mutagenic recombination in the face of ongoing and historical selective effects 24, 47, 59, 132, 133 . The mutation-associated recombination mechanism was ruled out early on for Drosophila melanogaster 6 but was raised as a serious concern from correlations between divergence and recombination rate in human data 133, 134 . Moreover, there is emerging consensus that a general pattern of mutation-associated recombination is not evident in sequence-divergence data for most species 59, 135, 136 , including humans 23, 24 , provided that recombination rates themselves have not diverged too greatly between species. So this selectively neutral alternative explanation generally appears to be insufficient to account for correlations between polymorphism and recombination at genome scales.
Replacement sites
Also known as nonsynonymous sites, these are any nucleotides within a gene at which a point mutation can alter the encoded amino acid sequence. Models of molecular evolution account for different possible degeneracies of such sites in codons.
d N
The rate of protein-coding sequence divergence that is quantified as the number of nonsynonymous substitutions per nonsynonymous site.
Synonymous sites
Any sites within a gene at which some or all possible point mutations, depending on the degeneracy of the corresponding codon, do not change the encoded amino acid. Changes at synonymous sites are often presumed to be selectively neutral.
Linkage disequilibrium
A measure of whether alleles at two loci coexist in a population in a nonrandom fashion. Alleles that are in linkage disequilibrium are found together on the same haplotype more often than would be expected under free recombination.
McDonald-Kreitman test
A statistical test used to compare between-species divergence and within-species polymorphism at replacement and synonymous sites to infer selection acting on proteins.
Mutation accumulation lines
Unique genetic backgrounds created by multiple generations of controlled breeding in such a way as to minimize the action of natural selection and to maximize the retention of new mutations. They are used to identify spontaneous mutations and to study their phenotypic properties.
Stabilizing selection
A type of natural selection that favours intermediate phenotypes, such as when the population is close to its fitness optimum with respect to the trait. sweeps might not fully explain reduced diversity in lowrecombination regions 50 . Moreover, some analyses that apply a background selection process on the X chromosome can reasonably explain patterns of polymorphism without any added contribution of widespread hitchhiking 51 . Regardless of such details, it is now clear that current inferences regarding recurrent hitch-hiking effects for Drosophila spp. do not universally apply across organisms 52 (FIG. 3; TABLE 1 ).
Many plants and yeast exhibit weak-at-best signatures of linked selection [53] [54] [55] [56] [57] [58] , and humans and selffertilizing nematodes reveal particularly potent effects of background selection 23,24,34,59-61 (TABLE 1) . Although the interplay between selection and linkage was historically studied with data sets of polymorphism from tens of loci, it is now investigated using population genomic data sets for a range of species (TABLE 1) . Therefore, the persistence of differences among species is not simply an issue of statistical power. Indeed, population genomic analyses have revealed a clear-cut signal of recurrent genetic hitch-hiking on genomic patterns of polymorphism only for Drosophila spp.
35, 47 and, in conjunction with background selection, in Caenorhabditis elegans 60, 62, 63 (TABLE 1) . Such disparities across the tree of life argue that there must be fundamental differences among organisms in one or more factors that generate or mask the genome-wide effects of linked selection.
Factors underlying the disparities among species
Genomic signatures of selection at linked sites require the interplay of several factors, and differences among species in any of these variables could explain discrepant patterns (FIG. 2B) . Broadly, organisms might differ in: how selection operates in their genomes; their profile of recombination rate; and the history of population size. Next we treat these factors in detail. We also address the potential for these and other characteristics to conceal, rather than to result in, signatures of linked selection.
Differences in selection
Rates at which selected mutations arise. Species with a higher genomic density of selected mutations per unit of genetic distance should be more sensitive to selection at linked sites. The genomic deleterious mutation rate (U) can be estimated from the total mutation rate and the fraction of sites expected to be functional (for example, replacement sites). Direct estimates of mutation rates from sequencing of mutation accumulation lines [64] [65] [66] [67] [68] or other sets of relatives 69 implicate inter-species differences in U that could produce heterogeneity in the strength of background selection. Estimating the rate of beneficial mutation is more difficult 70 , but there are also hints of species differences in this quantity. Humans and some plants seem to have a smaller fraction of mutations driven to fixation by positive selection than do several other species 42, 45, 71 . These differences reflect variability in the rate at which beneficial mutations arise or contrasting efficiencies of positive selection (see below). Such variability would generate discordant hitch-hiking patterns.
The relative incidence of new beneficial and deleterious mutations in a population will depend on its proximity to the current fitness optimum: a higher fraction of mutations will be beneficial when the population lies further from the optimum. Recurrent bouts of positive versus negative selection in genomes might differ correspondingly among organisms. One challenge is to predict the degree to which either stabilizing selection or directional selection operates on phenotypes as a consequence of static versus fluctuating abiotic and biotic factors: are there organismal characteristics or ecological niches that predispose species to differ consistently in how regularly they undergo rounds of directional selection? Large-scale data sets have emboldened researchers to consider simultaneously the influence of positive and negative selection to help discern whether and how much positive selection is required to explain observed patterns of polymorphism above and beyond the persistent process of background selection. So far, however, only the human and C. elegans population genomic data have been subjected to thorough joint analysis, revealing background selection as a sufficient mechanism to explain widespread genomic patterns of neutral variation in humans 23 and a combined influence of positive and negative selection in C. elegans best explaining linked selection effects 63 . 75 . Even for Drosophila spp., which are the pre-eminent systems for inferring hard sweeps, adaptation might not conform to the presumption of mutation-limited evolution 76 , and experimental evolution in asexual systems indicates that adaptation is not solely mutation-limited 77, 78 . What happens when selection is not mutationlimited? When positive selection causes fixation of a beneficial allele that arose through multiple convergent mutations or that previously occurred in the population at mutation-drift balance, giving a so-called 'soft' selective sweep 79 , then the traditional population genetic signatures of hitch-hiking are often undetectable 75, 80 . In particular, soft selective sweeps yield only mild reductions in linked polymorphism (FIG. 2Ab) , alterations of the site frequency spectrum and linkage disequilibrium 79, [81] [82] [83] . This theoretical result was presaged by the work of Ohta and Kimura 84 . In Drosophila simulans, one approach that can quantify only hard sweeps suggests that ~13% of replacement-site substitutions were fixed in such a manner versus ~90% of such sites inferred to have fixed through either hard or soft sweeps 35, 43 . These values imply that soft sweeps could represent upwards of 85% of positively selected substitutions, but formal analyses are desperately needed to disentangle the relative contributions of hard and soft sweeps to divergence. Indeed, the relative incidence of hard and soft sweeps is a major unsolved problem. If soft sweeps are more common, then we might not expect positive selection to depress levels of polymorphism strongly in genomic regions with low rates of recombination. This possibility should motivate theoretical exploration, which has already begun for the case of partial sweeps 85 . Relaxing the classic hard sweep assumption that selected alleles are rapidly driven to fixation generates a new suite of predictions 85 . For example, recurrent partial sweeps can leave the frequency spectrum unaffected even as levels of diversity are perturbed. A challenge is to determine why the incidence of hard versus soft sweeps in adaptation might differ among organisms and whether it varies in predictable ways. One potential factor, discussed below, is population structure: species-wide soft sweeps could dominate when populations are subdivided 12, [86] [87] [88] 
.
Genetic draft
Stochastic fluctuations in allele frequencies in a population caused by repeated hard selective sweeps. Hypothesized to be the primary source of stochastic variation in allele frequencies in large populations, in which the sampling effects of genetic drift are relatively weak compared with smaller populations.
Genetic drift
Random fluctuations through time in the allele frequencies of a population caused by a sampling effect that is strongest in small populations. Drift can overwhelm the deterministic effects of natural selection if the selective differences between alleles are small.
Mutation-limited adaptation
When mutational input into a population is sufficiently low, the rate of adaptation will be limited by the input of new beneficial mutations. This common theoretical assumption will be violated in real species with populations that are large, subdivided or subject to frequent changes in selective regime.
Strength of selection, genetic architecture and dominance. Selective sweeps are expected to be most severe when selection is strong, and adaptive mutations are dominant 15, 89 . By contrast, background selection will be most potent when selection is relatively weak and mutations are recessive, as long as mutations are deleterious enough to be efficiently removed from the population (that is, when the selection coefficient (s) >1 / N e ) 20,21 . Multiple factors are likely to generate differences among species in the distribution of selection coefficients. These characteristics include the quality and variability of the environments that species inhabit and the distances of populations from their fitness optima. The strength of selection in a genomic region also depends on the genetic architecture of the phenotype targeted by selection. For polygenic traits, selection intensity is spread across many variants, and individual mutations experience weaker selection 90 . In combination with the attenuation of the magnitude of selection across loci, evolutionary responses to such polygenic selection need not even result in fixation of alleles at any given locus 90, 91 (FIG. 2Ac) . The few theoretical studies to date on polygenic selective sweep effects suggest weaker signatures of selection at linked sites for these and other reasons 92, 93 . When a beneficial mutation is linked to deleterious mutations, those mildly deleterious mutations can hitch-hike to fixation [94] [95] [96] . This raises the possibility that the fixed region will be susceptible to repeated bouts of positive selection as compensatory alleles arise and replace the detrimental alleles that had hitch-hiked with the original beneficial mutation 18 . Moreover, the linkage to deleterious mutations slows the fixation process and increases the incidence of recombinant genetic backgrounds, obscuring the signatures of a selective sweep 95 . Given that slightly deleterious alleles are abundant in genomes of natural populations 97 , this effect might contribute to some organisms having only weak signatures of selection at linked sites, even if hard sweeps represent the prevailing mode of positive selection. Even without positive selection, purifying selection against multiple linked targets similarly reduces the efficacy of selection, and this can offset the diversity-reducing effects of classic models of background selection 16, 28 . At present, however, this mitigation of classic background selection effects, owing to Hill-Robertson interference, has largely been explored through simulation, and a complete mathematical association with recombination rate has not yet been established 98 , although fitness-class coalescent modelling appears to be promising 19 . Differences in dominance among species are perhaps harder to envision, but there is a general paucity of data available to address this issue. One aspect of organismal life history that could contribute to differences in the realized dominance among species is the extent to which selection acts during the haploid phase of the life cycle, which can be extensive in plants, algae and fungi. Similarly, the role of dominance will be less important in highly self-fertilizing species in which there are pronounced deficits of heterozygotes. In both haploids and highly self-fertilizing species, selection is akin to additive selection operating in out-crossing diploids but is twice as strong, effectively shifting the realized distribution of dominance coefficients. Conversely, species that retain substantial portions of their genome from historical episodes of polyploidization may experience even more masking of mutations, again contributing to differences among species in realized distributions of dominance 99 . Given the profound perturbation to neutral evolution that both positive and negative selection can exert on genomes on an ongoing basis, a sticky question presents itself: what is the appropriate null model for the genome 48 ? A null model of neutrality is useful for simply detecting that some form of selection yields a genomewide effect. However, positive selection is often the selective agent that is of most biological interest. Much effort has been devoted to distinguishing background selection from hitch-hiking effects of recurrent selective sweeps 100 , but this is difficult and is perhaps a false dichotomy 101 ; we advocate future efforts to integrate them. To this end, background selection should be taken into account as a part of a null model of molecular evolution, because deleterious mutations arise inexorably and in turn are subjected to purifying selection 23, 24 . Even more elaborate null models could be envisioned: for example, to test specifically for the influence of hard sweeps by incorporating a genome-wide model of soft sweeps in addition to background selection. A challenge in defining the parameters for any selection model is to accommodate appropriately the distributions for coefficients of selection and dominance.
Box 2 | Detecting linked selection effects for weak versus strong targets
The greater efficacy of selection when linkage is low should extend to all modes of selection, including purifying selection against deleterious mutations that acts on replacement sites in genes and on synonymous sites for genes that are subject to translational selection on codon usage. Purifying selection dominates most parts of coding sequences, so by facilitating the elimination of deleterious mutations, high recombination regions might yield more slowly evolving genes (low d N ) 137 . However, strongly deleterious replacement-site mutations could have sufficiently large fitness effects to be effectively removed, regardless of local recombination regime, making d N largely insensitive to recombination rate. By contrast, targets of weak selection should be particularly vulnerable 138 . Synonymous sites in highly expressed genes experience weak selection for translational efficiency, accuracy and stability, resulting in codon usage bias 139, 140 . In other words, selectively driven codon bias should be more pronounced in high-recombination regions of the genome 141 . In some cases, however, the selectively neutral process of biased gene conversion might yield this same empirical result 142 .
Interference between sites that are subjected to very weak selection might also be detected in genomes at a very fine scale, such as for within-gene heterogeneity in codon usage bias 17 . Specifically, such weak Hill-Robertson interference (wHRi) can induce stronger codon usage bias near the edges of genes and exons by virtue of being linked to fewer selected sites than those codons in the middle of exons 17, 143 . However, similar patterns of codon usage bias could instead result from background selection on more strongly detrimental mutations 144 , and interference from selection on nearby non-coding regulatory regions has not been explicitly considered in this context. Notably, wHRi, background selection, genetic hitch-hiking and Muller's ratchet are all specific manifestations of the general Hill-Robertson effect resulting from how selection combines with linkage 17 . The reduced effective population size (N e ) imposed by both positive and negative selection is exacerbated in low-recombination regions, leading further selection to be impaired in such regions, although not all properties of Hill-Robertson effects can be captured by a simple rescaling of N e [16] [17] [18] [19] .
Standing genetic variation
Allelic variation that is currently segregating within a population from old mutation events, as opposed to alleles that just arose by new mutation events.
Mutation-drift balance
The equilibrium between input of alleles into a population by mutation and their loss by genetic drift.
Population structure
The distribution of individuals into partially isolated, local subpopulations or demes that are interconnected by migration (gene flow).
Biased gene conversion
(BGC). Gene conversion is a non-reciprocal recombination process that causes one sequence to be overwritten with information from the other. BGC is when the two possible sequences act as donor templates with unequal probabilities.
Muller's ratchet
The irreversible accumulation of deleterious mutations in asexual populations of finite size. The average load of mutations increases over generations because the class of individuals that carry the smallest number of mutant alleles is occasionally lost by genetic drift. In the absence of recombination or compensatory mutation, this class can never be recreated. The process is named after H. J. Muller, who described it in 1964.
Selection coefficient (s).
A parameter describing the difference in average fitness between two genotypes when fitness is measured relative to the average fitness of one of the genotypes (known as the reference genotype).
Genetic architecture
The number, identity, phenotypic effects and population frequencies of the mutations that contribute to phenotypic variation.
Differences in recombination profiles
Recombination rate. Just as recombination rate variation across genomes affects the signature of selection at linked sites, we expect observed differences in recombination rate among species 9 to create disparate patterns. Species with higher average levels of recombination should exhibit less evidence of linked selection at random sites in the genome, all else being equal. Focusing on species with population genomic data (TABLE 1) , we observe mixed evidence for this trend. Some species with strong evidence for selection at linked sites, including D. melanogaster, D. simulans, C. elegans and Caenorhabditis briggsae, have lower average meiotic crossover rates [102] [103] [104] than do some species with weak signatures, including Arabidopsis thaliana 32 and Saccharomyces cerevisiae 105 . Conversely, Drosophila pseudoobscura has a relatively high recombination rate 106 but still shows a strong pattern of linked selection, whereas humans exhibit a weaker signature of linked selection despite showing less crossing over 107 . Our ability to detect linked selection also crucially depends on the variance of recombination rate across a genome. Chromosome number and architecture (such as the relative proportions of heterochromatic and euchromatic sequence) contribute to this variance and differ among species. Furthermore, local rates of recombination can rapidly evolve between closely related species 9, 106, 108, 109 . Because the likelihood that an allele exerts an influence on neighbouring loci depends on the density of functionally important sites as well as genetic distance, genome-scale patterns will be sensitive to both of these factors. In particular, the lower gene density in genomic regions with low rates of recombination for many plant species might counteract genome-wide signatures of linked selection 36 . By contrast, Caenorhabditis spp. have a higher gene density in low-recombination regions, which probably contributes to especially strong signatures of linked selection in self-fertilizing species in this group 59, 60, 62, 63 . Consequently, we expect species with positive correlations between gene density and recombination rate to exhibit weaker evidence for selection at linked sites across their genomes.
Analyses relating selection and linkage implicitly presume that the mapping of recombination rate on the genome is itself fixed. Like any trait, however, recombination rates vary and evolve 9 . Consequently, linked selection could be obscured if polymorphism from one species is analysed with recombination rates calculated from a different species. Moreover, individuals within a population can vary in their recombination propensities across the genome 9, [110] [111] [112] . If some organisms have high among-individual variability in recombination profiles, then recombination rates measured in a given map might be a poor predictor of population genetic parameters. With emerging maps of intra-species variation in recombination rate 113 , this can be explicitly accounted for 106 .
Mating system effects on effective recombination rates. Any factors that intensify genetic linkage will exacerbate the consequences of selective sweeps and background selection. One such factor is self-fertilization 20,53 or other reproductive systems that reduce the incidence of outcrossing 114 . Self-fertilization, which is common in both plants and animals, reduces the genetically effective rate of recombination across the genome as a by-product of eliminating heterozygosity 115 . Because even modest levels of recombination can mitigate the signature of linked selection, self-fertilization broadens the extent 
Polygenic selection
Selection on a trait that has a genetic basis comprised of many gene loci (tens, hundreds or more). A given strength of selection on the phenotype will exert a weaker effect on any one locus when the trait is polygenic than when the trait is monogenic.
Purifying selection
Natural selection against deleterious alleles that arise in a population, preventing their increase in frequency.
Fitness-class coalescent
A version of structured coalescent models of evolution that traces how individuals descend by mutations through different fitness classes, rather than through time.
of the genome that can reveal its influence 20, 53, 116 . In addition, when linked selection occurs in self-fertilizers, it is more likely to facilitate the fixation of detrimental alleles that are linked to advantageous alleles 95 , potentially contributing to genome degradation.
Differences in population size and history
Effective population size. Selection on beneficial and detrimental mutations is more efficient in large populations. As a result, the severity of hitch-hiking and background selection ought to increase with N e across species 12, 27 . Some evidence is consistent with this prediction; for example, in comparison with humans, D. melanogaster has a much larger N e and shows stronger evidence of hitch-hiking.
However, the effect of N e on selection at linked sites is more complicated than it first appears. The transit time of a beneficial mutation grows with the population size (although only logarithmically), allowing more recombination to decouple the mutation from nearby neutral variants 12 . Recent theory also predicts that positive selection operates more often on standing variation when population mutation rates are high (that is, in large populations) 79, 88 , and the resulting soft sweeps induce a weaker hitch-hiking effect than does selection on beneficial new variants 79, [81] [82] [83] . If the relative contribution of soft sweeps to adaptation does increase with N e , then perhaps a genomic signature of linked selection will not positively correlate with population size after all. Even within a hard sweep framework, the theory of genetic draft anticipates a threshold N e above which polymorphism within genomes should be insensitive to further increases in population size 72 . Species widely vary in N e because of differences in demographic history, mating system and population structure 11, 117 , indicating that it will be feasible to determine empirically how differences in N e among species might contribute to differences in signatures of linked selection. These efforts should help to determine whether the effects of linked selection are responsible for the relatively small range of interspecies variation in average nucleotide diversity despite the enormous range of census population sizes 3, 11 .
Population demography and structure. The intricacies of a species' demographic history can mask a genomewide signature of selection at linked sites 118 
Population substructure is likely to be particularly subversive, especially when adaptation occurs locally within distinct subpopulations. Even if selection conforms to the hard sweep process, when it fixes alleles only within subpopulations, it will not yield a species-wide hitchhiking signature 12, 87, 118 . Analysing population genetic data according to different sampling schemes (such as local population samples, pooled samples and scattered samples with a single individual per subpopulation) provides one promising approach for species that are subdivided into many subpopulations [119] [120] [121] . However, even when a new mutation is globally advantageous, it will arise in just a single subpopulation in a subdivided population, which can obscure the hard sweep signature at linked sites or make it heterogeneous across subpopulations 12, 86, 87 . Population structure can also facilitate parallel evolution and soft selective sweeps 88 , resulting in potentially similar obscuring effects. Some approaches exploit the population-specific nature of local adaptation in subdivided populations to rule out the influence of background selection 122, 123 . Expanding populations contain a greater relative abundance of new rare variants, so hard sweeps might be more prevalent in them compared with populations at equilibrium. Finally, some models of population demography that include high variance in reproductive success lead to a less-than-linear dependence of neutral polymorphism on population size 124 , which might similarly affect the way in which reduced recombination rate mimics reduced N e . In addition, repeated population bottlenecks will increase stochastic variance across the genome, perhaps erasing historically present signatures of selection at linked sites.
Towards phylogenetic coherence
The inconsistent evidence for genome-wide signatures of selection at linked sites across species (FIG. 3; TABLE 1 ) reveals a conspicuous gap in the current understanding of genome evolution. Why do species have such disparate genomic patterns of polymorphism? Phylogenetic comparative methods provide an established framework ). For example, contrasts of the rates of positively selected substitutions (ω a ) for taxa of differing effective populations size (N e ) have now been attempted in several studies 45, 71, 145 . More sophisticated analysis could directly test for correlated evolution along the phylogeny, relating population genetic parameters, genomic features and other candidate variables 146 . Panel b of the figure illustrates the logic for a test for correlated character evolution on a phylogeny; taxa have strong versus weak selection at linked sites (purple versus orange) contrasted with the state of a candidate explanatory factor such as effective population size (large red versus small blue). In the hypothetical collection of species depicted, lineages with strong effects of linked selection (purple) tend to have large population size (red). a
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Transit time
The duration of time that elapses from when an allele first experiences selection to when it becomes fixed in a population.
F ST
A measure of population subdivision that indicates the proportion of genetic diversity found between populations relative to the amount within populations.
Population bottlenecks
Marked reductions in population size followed by the survival and expansion of a sample of the original population. It often results in the loss of genetic variation and a skewed site frequency spectrum.
for answering such questions. In addition to traditional traits 125 , they have been advocated for understanding other issues in population genetics 11 , genomics 126 and quantitative genetics 127 , as these fields have matured to include large data sets from many species. Comparative approaches could prove to be powerful in evaluating the contributions of different factors to the detection, the sign and the magnitude of selection at linked sites in genomes (BOX 3; FIG. 2B) .
Some first attempts in this vein have compared species of rice 36 and tomatoes 53 , and these suggested influences of domestication and mating system. Unfortunately, most current taxa with pertinent data are scattered among divergent lineages of eukaryotes (TABLE 1) . A promising approach is to study closely related species that are known to differ in one or a few of the biological factors outlined here so as to isolate the effects of particular traits. Some features will be simpler to explore than others, and all are contingent on recombination rate having been estimated for multiple related species from genetic and physical genome maps. In particular, it might prove to be more challenging to test directly for co-varying genomic variables, such as gene density and recombination rate, because they are unlikely to have greatly diverged among close relatives. However, teasing apart the influence of factors such as mating system, the extent of population subdivision and N e are eminently amenable to thoughtful construction of species sets for study
Conclusions
There is now compelling evidence that interactions between linkage and natural selection have shaped genome evolution in a wide variety of organisms 9 (TABLE 1) . However, species dramatically differ in the magnitude of effects exerted by linked selection, in how the patterns manifest in their genomes (for example, correlations between recombination and polymorphism, gene density and polymorphism, site frequency spectrum and recombination) and in the prevailing form of selection (positive or negative). Importantly, few studies have attempted to incorporate simultaneously the influence of background selection and recurrent hitch-hiking, despite it being well-appreciated that both processes probably operate simultaneously 101 . Moreover, analyses of recurrent hitch-hiking have been predicated on models of hard selective sweeps, and yet emerging evidence suggests an important role of soft sweeps in adaptation 75 . It is not yet clear, however, whether recurrent soft selective sweeps could explain the observed genome-wide patterns of selection at linked sites. One solution will involve more detailed simulation studies of linked selection to describe better the quantitative effects of biologically relevant parameter differences between species. Examples of particularly incisive studies include measuring how signatures of selection at linked sites compare for a species at mutation-drift equilibrium versus a species undergoing a recent population expansion, quantifying how the rate of inbreeding interacts with both the strength of purifying selection and the frequency of selective sweeps to affect genome-wide patterns of linked selection, and addressing how genomes evolve through a mixture of recurrent soft sweeps and background selection.
It will also be crucial for future analyses to include background selection as a part of the null model for selection at linked sites, layering models of recurrent selective sweeps on top to determine whether and how much the incorporation of positive selection improves the fit of these theoretical models to the actual genome-wide patterns of evolution 23, 63 . Adaptation and positive selection clearly occur, but how often across the tree of life do they yield sweeping population genomic signatures rather than perturbations that localize at particular loci? A fuller understanding of linked selection in evolution requires that we clarify and integrate the causes of disparities among organisms. The comparative method can have an important role in testing for the contributions of alternative factors that modulate the intensity of selection at linked sites in genomes and its detection. Such a unified understanding across the tree of life will require substantial research investments, particularly in measuring species differences in biological characteristics that are expected to shape selection at linked sites.
